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ϩ channels (ENaC) in myogenic signaling. The present study was undertaken to determine if ENaC and/or Na ϩ entry are involved in the myogenic response of the rat afferent arteriole. Myogenic responses were assessed in the in vitro hydronephrotic kidney model. ENaC expression and membrane potential responses were evaluated with afferent arterioles isolated from normal rat kidneys. Our findings do not support a role of ENaC, in that ENaC channel blockers did not reduce myogenic responses and ENaC expression could not be demonstrated in this vessel. Reducing extracellular Na ϩ concentration ([Na ϩ ]o; 100 mmol/l) did not attenuate myogenic responses, and amiloride had no effect on membrane potential. Benzamil, an inhibitor of ENaC that also blocks Na ϩ /Ca 2ϩ exchange (NCX), potentiated myogenic vasoconstriction. Benzamil and low [Na ϩ ]o elicited vasoconstriction; however, these responses were attenuated by diltiazem and were associated with significant membrane depolarization, suggesting a contribution of mechanisms other than a reduction in NCX. Na ϩ repletion induced a vasodilation in pressurized afferent arterioles preequilibrated in low [Na ϩ ]o, a hallmark of NCX, and this response was reduced by 10 mol/l benzamil. The dilation was eliminated, however, by a combination of benzamil plus ouabain, suggesting an involvement of the electrogenic Na ϩ -K ϩ -ATPase. In concert, these findings refute the premise that ENaC plays a significant role in the rat afferent arteriole and instead suggest that reducing [Na ϩ ]o and/or Na ϩ entry is coupled to membrane depolarization. The mechanisms underlying these unexpected and paradoxical effects of Na ϩ are not resolved at the present time.
renal autoregulation; vascular smooth muscle; sodium ion channels; sodium/calcium exchange; benzamil; amiloride; ouabain; sodiumpotassium-adenosinetriphosphatase; epithelial sodium channel THE INTRINSIC ABILITY OF THE renal afferent arteriole to elevate tone in response to increased renal perfusion pressure plays an important role in the regulation of renal function and in the protection of the kidney against hypertensive injury (26) . The cellular mechanisms underlying this myogenic response are not understood. It has been reported that epithelial Na ϩ channels (ENaC) are expressed in the mouse interlobar artery and that activation of ENaC is involved in the vasoconstrictor response of this vessel to elevated pressure (16, 17) . Previous studies had implicated ENaC in myogenic responses of cerebral vessels (7) . These findings are novel in suggesting a role of inward ENaC currents in smooth muscle myogenic signaling. Although these currents had not been described in vascular myocytes, benzamil and amiloride were clearly shown to block myogenic responses in isolated rat cerebral and mouse interlobar arteries (7, 16) .
The afferent arteriolar myogenic response exhibits many features that are distinct from the responses observed in larger vessels or small vessels from other vascular beds (e.g., see Ref. 23) . Moreover, when considering physiological responses, it is important to note that the renal vascular sites involved in autoregulation are thought to be limited to the distal segments of the interlobular artery and the afferent arteriole. The interlobar artery is a conduit vessel. Accordingly, it is not clear to what extent findings obtained from these previous reports can be extrapolated to renal resistance arterioles. We therefore undertook to examine the effects of these Na ϩ transport inhibitors on the myogenic response of the afferent arteriole.
Our findings do not support the hypothesis that ENaC is involved in the myogenic response of the rat afferent arteriole in that we did not observe ENaC channel blockers to reduce myogenic responses in this vessel and we could not demonstrate intact ENaC expression in isolated afferent arterioles. Moreover, benzamil, which is also an inhibitor of Na ϩ /Ca 2ϩ exchange (NCX) (2, 20) , actually potentiated myogenic vasoconstriction. This latter observation prompted further studies examining the effects of alterations in the Na ϩ gradient on the afferent arteriole. Although the results of these studies do provide support for previous reports (1, 10, 30, 33, 34) suggesting an important role of NCX in modulating afferent arteriolar tone, we found unanticipated effects of benzamil and altered extracellular Na ϩ concentration ([Na ϩ ] o ) on the membrane potential that cannot be explained by such a mechanism. These findings confound simple interpretations of studies employing these approaches to investigate the role of NCX in this vessel.
METHODS
In vitro perfused hydronephrotic rat kidney. The in vitro perfused hydronephrotic kidney model was used to assess the effects of Na ϩ transport inhibitors and altered [Na ϩ ]o on the renal afferent arteriole. This preparation is described in detail in previous publications (e.g., see Refs. 19, 23, and 37) . In brief, chronic unilateral hydronephrosis is induced by ligating the left ureter of male Sprague-Dawley rats (80 -100 g). Complete atrophy of the tubular elements is seen after 6 -8 wk, allowing direct visualization of the renal microvasculature.
At this time, the hydronephrotic kidney is harvested for in vitro perfusion. For harvesting, the left renal artery is cannulated in situ, and the kidney is excised and transferred to a heated chamber on the stage of an inverted microscope. This entire procedure is accomplished without disrupting perfusion of the kidney. The protocol for this study was approved by the University of Calgary Animal Care Committee, and the procedures comply with the regulations of the Canadian Council on Animal Care.
Hydronephrotic kidneys were perfused with a modified DMEM containing 30 mmol/l bicarbonate, 5 mmol/l glucose, and 5 mmol/l HEPES (pH 7.40) and equilibrated with 5% CO 2-95% air. Temperature was maintained at 37°C. Renal arterial pressure (perfusion pressure) was measured within the renal artery. Medium was pumped on demand through a heat exchanger to a pressurized reservoir feeding the renal arterial cannula. All drugs were added directly to the perfusate. The venous effluent drains into the bath, providing access to both abluminal and adluminal surfaces of the vessels. A fiber optic probe was positioned to stabilize and transilluminate a portion of the membranous renal cortex for observations of renal microvascular responses. Afferent arteriolar diameters were measured by on-line image processing. Diameter measurements were obtained at each pixel and averaged over the entire segment length (20 -40 m). Data were collected at a scanning rate of 5-8 Hz, and mean diameter measurements were averaged over the plateau of each response.
Kidneys were allowed to equilibrate for at least 1 h following the establishment of in vitro perfusion. Ibuprofen (10 mol/l) was added to eliminate the effects of endogenous prostaglandins (37) . Basal renal perfusion pressure was held at 80 mmHg during the equilibration period. In some experiments, myogenic responses were evoked by raising renal arterial pressure and holding pressures at each step for at least 1 min. In these studies, stepped responses were assessed before and after the administration of amiloride or benzamil. In other experiments, perfusion pressure was maintained at a constant level (60, 80, or 140 mmHg) to assess vasoconstrictor and/or vasodilatory responses. In the studies assessing the impact of low [Na ϩ ]o media, the media Na ϩ concentration ([Na ϩ ]) was lowered from 140 to 100 mmol/l by the isosmotic substitution of choline chloride for NaCl. Benzamil, amiloride, and ouabain were obtained from Sigma (St. Louis, MO). Fresh stock solutions of benzamil and amiloride were prepared in dimethyl sulfoxide. Ouabain (3 mmol/l in DMEM) was prepared fresh for each experiment. Phentolamine and propranolol (10 mol/l; Sigma) were added during the ouabain experiments to avoid any effects mediated by neurotransmitter release.
Isolated afferent arterioles. Afferent arterioles were isolated from normal rat kidneys using the gel-perfusion technique developed in our laboratory (27) . In brief, rats were anesthetized, and the left kidney was perfused in vivo with warmed modified minimal essential medium (MEM). The kidney was perfused with 37°C agarose (seaprep, 1.5%), excised, and chilled (4°C) to solidify the agarose. Cortical slices (400 m) were incubated in Ca 2ϩ -free MEM containing 5 mM HEPES, 3.9 mM NaHCO3, and atmospheric CO2. Slices were treated with collagenase IV, dispase II, and DNase I to separate microvessels from tubules. Individual vessels were isolated using a dual pipette system (27) . For RT-PCR studies, arterioles were washed by transferring to a clean dish two times before the final isolation. For positive controls, single bifurcating segments of the cortical collecting duct (CCD) were collected, and intact segments or freshly dispersed (principal) CCD cells were processed for RT-PCR using the same assay. As additional controls, intact interlobar arteries and myocytes freshly obtained from an interlobar artery were isolated and processed as described above.
For membrane potential measurements, single afferent arterioles were placed in a heated (36°C) chamber on the stage of an inverted microscope and superfused with MEM containing normal bicarbonate and 5% CO2. Borosilicate glass pipettes, pulled to a 2-to 3-m tip diameter, were briefly back-dipped in solution containing (in mmol/l) 120 potassium gluconate, 20 KCl, 10 HEPES, 5 EGTA, 2 MgCl2, and 0.1 CaCl 2 (pH 7.2) to fill the pipette tip, and then the remainder of the pipette was backfilled with the same solution containing 100 g/ml nystatin. A seal was obtained on a myocyte of the afferent arteriole, and electrical access via nystatin was confirmed by a marked decrease in the access resistance coupled with the development of a stable membrane potential, typically on the order of Ϫ60 mV. Membrane potential recordings were obtained in current clamp mode (current ϭ 0). Data were acquired at 10 Hz and filtered at 1 kHz. To derive the "true" membrane potential using this approach, it is necessary to correct the measured potential for the zeroing of the pipette-bath liquid junction potential before establishing the membrane seal (29) and also for a Donnan potential set up across the perforated patch that is dependent on the intracellular concentration of nondiffusible anions (31) . Measurements of the junction potential as described (29) indicated that it was ϳ8 mV (bath Ϫ pipette potential). The second error was calculated as ϳ4 mV (pipette Ϫ cell potential), assuming an intracellular nondiffusible anion concentration of 100 mM (31) . This implied that the actual membrane potential was ϳ4 mV more negative than the recorded potential. However, because we were interested in changes in membrane potential, rather than its absolute value, the observed voltages were not corrected.
For RT-PCR studies, total RNA was prepared from pooled samples of 2-10 afferent arterioles and from the controls described above using the RNeasy Micro kit (QIAGEN) and eluted in 12 l RNasefree water. cDNA was prepared from the entire eluate using the Sensiscript RT kit (QIAGEN) combined with 9 mol/l random nonamers and 1 mol/l oligo(dT) (37°C, 1 h). ENaC subunit (␣, ␤, and ␥) and ␤-actin expression were analyzed using a nested RT-PCR approach. The outer and inner primers are shown in Table 1 . Note that two different primer sets were used to assay for the ␥-subunit of ENaC (see Table 1 ). PCR was performed with a HotStarTaq Master Mix kit (first reaction) and a Taq PCR Master Mix kit (second reaction; QIAGEN). Following the initial amplification (1 cycle at 95°C for 15 min and 35 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 60 s, followed by 72°C for 10 min), the product was diluted 200-fold and subjected to the second round PCR using the Taq PCR Master Mix kit (1 cycle at 94°C for 3 min and 35 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 60 s, followed by 72°C for 10 min). Products were separated by gel electrophoresis and visualized by ethidium bromide. The identity of the products was confirmed by sequencing (University of Calgary Sequencing Facility; www.sequencing.ucalgary.ca).
All data are presented as means followed by the SE as an index of dispersion. Differences between treatment groups were assessed by one-way analysis of variance and the Bonferroni test for multiple comparisons. Differences between means exhibiting P values Ͻ0.05 were considered to be statistically significant.
RESULTS
The tracing shown in Fig. 1A shows the protocol used to examine the effects of ENaC blockade on the afferent arteriolar myogenic response. As shown by the mean data presented in Fig. 1B , low concentrations of benzamil (0.1-1.0 mol/l) had no effect on the basal diameters observed at 80 mmHg. At 0.1 mol/l, benzamil had no significant effect on myogenic responses at any pressure (P Ͼ 0.5). However, at 1.0 mol/l, benzamil caused a significantly greater myogenic vasoconstriction, which attained statistical significance at 100 mmHg (15.1 Ϯ 0.7 vs. 10.5 Ϯ 1.6 m, P Ͻ 0.05, n ϭ 6).
As shown in Fig. 2 , amiloride had no significant effect on the myogenic response at concentrations of 1 and 3 mol/l (P Ͼ 0.05 for all pressures, n ϭ 5). Similar results were obtained in the absence of ibuprofen (data not shown). Because, at the concentrations employed, amiloride and benzamil block ENaC (2, 7), the results of these experiments, using the hydronephrotic kidney model, do not support the postulate that this Na ϩ channel plays a prominent role in myogenic signaling in the rat afferent arteriole. To further evaluate this postulate, we determined if afferent arterioles isolated from normal rat kidneys expressed ENaC subunits.
The results of the RT-PCR studies are depicted in Figs. 3 and 4. Afferent arterioles were isolated from 20 separate kidney preparations. Two different ENaC-␥ primer sets were developed. Fig. 3A depicts representative RT-PCR results using the ␣, ␤ and ␥ 1 primers (described in Table 1 ). As shown, this assay was sensitive enough to detect strong ENaC mRNA signals for all ENaC subunits in a small 300-m segment of the CCD. Figures 3B, 3C , and 4 depict representative findings using the same ␣ and ␤ primers and the ␥ 2 primer set. This assay was sensitive enough to detect strong signals for all ENaC subunits in only 10 CCD epithelial cells. We saw no evidence of afferent arteriolar expression of the ENaC ␥-subunit in any of the 20 determinations. In 11 of the 20 assays, we found no evidence of afferent arteriolar expression of any of the three ENaC subunits. In four assays, a single PCR product was found that corresponded in size and sequence to the predicted ENaC ␣-subunit. In 2 of the 20 assays, we found evidence for the presence of the ENaC ␤-subunit (Figs. 3A and 4) . Interestingly, we found three separate PCR products from the ENaC ␣-subunit primers in 4 of the 20 assays (Fig. 4, top) . These primers were designed to span two introns and three exons (Fig. 4, bottom) . The three PCR products were sequenced and found to correspond to the unprocessed, partially processed, and fully processed mRNA shown in this diagram. Omission of reverse transcriptase treatment (ϪRT) eliminated all three bands (data not shown). Considering that these pre- ENaC, epithelial Na ϩ channel. cursor mRNAs are likely to be present in very low abundance, the detection of these signals illustrates the high sensitivity of the nested primer assay. Finally, it was requested that we use a vascular preparation as a second positive control. As shown in Fig. 3C , we detected all three ENaC subunits in a single segment of the intact interlobar artery. We noted that this conduit vessel has a complex adventitial layer that we could not fully remove. We therefore attempted to detect expression in myocytes isolated from this vessel. Unlike the intact vessel, the rat interlobar myocytes did not express ENaC message at levels that could be detected using our assay. It should be noted that ENaC ␣-, ␤-, and ␥-subunit mRNAs have been detected in cultured interlobar myocytes obtained from the mouse (16) . The potentiating effects of 1.0 mol/l benzamil on the vasoconstrictor response of the afferent arteriole to pressure was unexpected with regard to its characterization as an ENaC inhibitor but would be consistent with the ability of benzamil to block the forward mode of NCX (2). We set out to evaluate this possibility by examining the effects of benzamil on Na ϩ -induced vasodilator responses attributed to NCX. In preparation for these studies, we first examined the effects of a higher concentration of benzamil (10 mol/l) and of reducing [Na The vasoconstriction elicited by low [Na ϩ ] o and by benzamil and the observation that both responses were reversed by diltiazem suggest that these manipulations might evoke membrane depolarization. To investigate this possibility, we measured membrane potential responses in afferent arterioles isolated from normal kidneys using current clamp techniques employing the perforated patch approach. Examples of voltage tracings are presented in Fig. 6 , A and C. Benzamil (10 mol/l) evoked an ϳ27-mV depolarization (Ϫ67 Ϯ 1 to Ϫ40 Ϯ 6 mV, P Ͻ 0.01, n ϭ 4, Fig. 6B ) that was reversed upon removal of benzamil from the bath (Ϫ62 Ϯ 3 mV, P Ͻ 0.05 vs. benzamil). In contrast to benzamil, amiloride (3 mol/l) had no effect on membrane potential (Ϫ64 Ϯ 2 vs. Ϫ64 Ϯ 3 mV, n ϭ 3, Fig. 6, A and B) . Low [Na ϩ ] o (100 mmol/l) evoked a response similar to that of benzamil, depolarizing the membrane potential from Ϫ65 Ϯ 2 to Ϫ44 Ϯ 6 mV (P Ͻ 0.05, n ϭ 4, Fig. 6 , (Table 1) , mRNA for all three epithelial Na ϩ channel (ENaC) subunits could be detected in 10 CCD epithelial cells but not in 10 afferent arterioles (ϳ1,000 cells). C: same assay could detect ENaC subunit expression in an intact interlobar artery but not in isolated interlobar myocytes (see text for description). 4 . As shown in top, the ENaC ␣-subunit assay produced multiple PCR products in 4/20 assays (labeled 1-3 in top left). These three products were sequenced and found to correspond to the predicted processed, partially processed, and unprocessed mRNA sequences shown in bottom. These products were not seen in ϪRT control (data not shown). Nos. in parentheses represent the frequency of these observations in the 20 RT-PCR assays. mmol/l) resulted in a myogenic vasoconstriction to 6.2 Ϯ 0.5 m (Fig. 7B) , a level similar to that attained in 140 mmol/l Na ϩ (7.8 Ϯ 0.9 m, P ϭ 0.10, n ϭ 6). Because reducing [Na ϩ ] o did not attenuate pressure-induced afferent arteriolar vasoconstriction, we used this approach to study NCX in this preparation and evaluated the vasodilatory response evoked by restoring [Na ϩ ] o to normal levels. An original tracing and mean data are depicted in Fig. 8, A and B . In this series, elevating renal arterial pressure from 60 to 140 mmHg elicited afferent arteriolar vasoconstriction from 14.6 Ϯ 1.1 to 6.2 Ϯ 0.5 m (P Ͻ 0.001, n ϭ 9) in the presence of 100 mmol/l [Na ϩ ] o . When [Na ϩ ] o was increased to 140 mmol/l, a rapid and complete vasodilation was elicited that returned diameters to 17.1 Ϯ 0.6 m (P Ͻ 0.001). This initial vasodilation persisted for at least 10 min and then partially abated. When [Na ϩ ] o was again reduced to 100 mmol/l, diameters returned to the initial level of vasoconstriction (6.6 Ϯ 0.6 m). In a subset of six kidneys, the initial and sustained components of the response were quantified. Arteriolar diameters were 16.0 Ϯ 1.2 and 6.8 Ϯ 0.5 m at 60 and 140 mmHg, respectively, and initially increased to 17.8 Ϯ 0.8 m upon raising Fig. 9, A and B, a Na ϩ -induced vasodilation could also be elicited when vasoconstriction was elicited by ouabain, rather than by elevated pressure. As previously shown in our laboratory (e.g., 6), blockade of the Na ϩ -K ϩ ATPase with 3 mmol/l ouabain elicits Figure 9C compares the time courses for the Na ϩ -induced vasodilation seen in controls, and with benzamil or ouabain treatment. Note the slower time course seen in the presence of ouabain and the apparent presence of both a fast and slow component in the controls.
C and D). Membrane potential returned to
Because a partially attenuated Na ϩ -induced vasodilation could be elicited in the presence of either benzamil or ouabain, we next determined if the combination of these two agents might fully eliminate this response. In these experiments, shown in Fig. 10, A and B, basal diameters in 100 mmol/l [Na ϩ ] o at 60 mmHg were 15.7 Ϯ 1.5 m (n ϭ 6). Ouabain (3 mmol/l) constricted the vessel to a diameter of 8.9 Ϯ 1.1 m (P Ͻ 0.01) and increasing [Na ϩ ] o to 140 mmol/l had no significant effect (diameters 8.3 Ϯ 1.3 m, P Ͼ 0.05 vs. 100 mmol/l Na ϩ ). A full vasodilation could, however, be elicited by the application of 10 mol/l diltiazem (16.1 Ϯ 1.4 m, P Ͼ 0.05, vs. control). Figure 10C summarizes the effects of benzamil and ouabain on the dilation induced by Na ϩ , expressing the control response and the responses in the presence of these two agents as the percent reversal of vasoconstriction.
DISCUSSION
Our interpretation of the data obtained in this study is that ENaC is not involved in signaling events underlying the myogenic response of the rat renal afferent arteriole. As discussed below, this conclusion is based on observations obtained using a number of different approaches. One involved reducing the driving force for Na ϩ entry by lowering [Na ϩ ] o . This manipulation promoted afferent arteriolar vasoconstriction, which was reversed by Na ϩ repletion. One mechanism contributing to this effect may be a reduction in Ca 2ϩ extrusion via NCX. A second mechanism may involve the effects of reducing Na ϩ entry on the activity of the electrogenic Na ϩ -K ϩ -ATPase, since ouabain was found to attenuate a rapid component of the vasodilatory response to Na ϩ . We observed, however, that both low Na ϩ and the ENaC/NCX blocker benzamil evoked afferent arteriolar membrane depolarization. The mechanism(s) causing these depolarizations are presently unclear. Potential mechanisms might include the evocation of a Ca 2ϩ -activated Cl Ϫ current secondary to rises in intracellular Ca 2ϩ concentration caused by NCX inhibition (e.g., 34). In any case, the depolarization elicited by these manipulations complicates the interpretations of our experiments addressing the influence of NCX on this vessel and also highlights the dangers inherent in viewing the effects of benzamil purely in terms of ENaC and/or NCX blockade.
It has previously been reported that myogenic responses of small cerebral arteries of the rat and of the mouse interlobular artery are inhibited by blockade of ENaC using 0.1-1.0 mol/l benzamil and 1-5 mol/l amiloride (7, 16, 17) . More recently, the same laboratory found that the myogenic responses of the rat mesenteric resistance arteries are not attenuated by benzamil, unless animals were placed on a high-salt diet (18) . The effects of amiloride on the mesenteric myogenic response were not reported in this latter study. In the present study, we found amiloride to have no effect on the myogenic response of the afferent arteriole and observed that benzamil not only failed to inhibit the response but actually potentiated pressure-induced vasoconstriction. Similarly, reducing the inward Na ϩ gradient had no significant effect on the myogenic response in that similar vasoconstrictor responses were observed at 140 mmHg in the presence of 100 and 140 mmol/l [Na ϩ ] o (Fig. 7) . Reducing [Na ϩ ] o not only failed to impair myogenic reactivity, but, as discussed below, this manipulation elicited afferent arteriolar depolarization and vasoconstriction. Taken together, these findings indicate that ENaC is not involved in myogenic signaling in the renal afferent arteriole as assessed in the hydronephrotic rat kidney preparation. We point out that the myogenic response of this model has been characterized ex- illustrating that the combined treatment with benzamil (10 mol/l) and ouabain (3 mmol/l) completely eliminated Na ϩ -induced vasodilation. Note that diltiazem (10 mol/l) was able to fully reverse the vasoconstriction while Na ϩ replacement had no effect. Statistical analyses are described in the text. C compares the magnitude of responses observed in each setting.
tensively. Previous findings demonstrate not only that the effects of physiological, pathophysiological, and pharmacological interventions correspond to the effects on autoregulatory responses of the intact rat kidney (12-14, 19, 25, 36, 38) but also that the kinetic attributes of the myogenic response of this preparation are identical to those of the intact kidney of the conscious rat (6, 23) . Given the close concordance between these observations, it is most likely that the mechanisms underlying the myogenic response of this preparation correspond to that of the normal afferent arteriole.
Despite these similarities, it was suggested that the mechanisms underlying the myogenic response in the hydronephrotic kidney model might differ from those of the normal kidney, since it was recently reported by Li et al. (22) that ENaC expression in the CCD is rapidly downregulated following ureteral obstruction. This same group (12) had previously surveyed ENaC expression in the rat kidney. They did not report ENaC expression in the renal vasculature nor did they find vascular effects of obstruction in the more recent study (Dr. J. Frökiaer and Dr. S. Nielsen, personal communication). Nevertheless, to address the specific concern that ENaC expression might be reduced in the hydronephrotic kidney model and that this might lead to the lack of effect of ENaC blockers, we assayed expression levels in afferent arterioles isolated from normal rat kidneys. ENaC is a heteromeric construct comprised of ␣-, ␤-, and ␥-subunits [proposed stoichiometry of 2:1:1 (11)]. mRNAs for all three subunits are reported to be expressed in intact isolated cerebral arteries (7), in cultured smooth muscle cells from mesenteric resistance vessels (16) , and in cultured endothelial cells (21) . Cerebral myocytes express the ␤-and ␥-subunits of ENaC but not the ␣-subunit (7). In the present study, we conducted an extensive survey using 20 separate afferent arteriolar preparations. The nested RT-PCR assay employed 35 ϩ 35 cycles and was sensitive enough to detect mRNA for all three ENaC subunits in just 10 CCD epithelial cells (Fig. 3B) . In 11 of the 20 assays, we could not detect any ENaC subunit mRNA (Fig. 3A) . Four assays detected the predicted ␣-subunit product (Fig. 3A ). An additional four assays detected larger mRNAs that, on analysis, were found to include incompletely modified ␣-subunit mRNA transcripts (Fig. 4) . The latter also validates the sensitivity of the assay, since the unmodified transcripts would likely be present at very low levels. Two of the 20 assays detected mRNA for the ENaC ␤-subunit. The ENaC ␥-subunit was not detected in any of the 20 assays, despite the fact that two primer sets were used. Accordingly, we found no evidence for intact ENaC channel expression (␣-, ␤-, and ␥-subunits) or for the expression of the ENaC ␤-␥ construct in the renal afferent arteriole. We cannot distinguish whether the detection of the ␣-and ␤-subunits represents a contamination from epithelial cell mRNA encountered during the isolation procedure or true expression. The detection of unprocessed ␣-subunit mRNA may suggest the latter, although, in this case, the level of expression would appear to be quite low. The reader is cautioned that ENaC mRNA, of course, may be present but below the level of detection by our assay and that the lack of detectable levels of ENaC mRNA does not necessarily mean that the ENaC proteins are lacking. Our observation that amiloride had no effect on afferent arteriolar membrane potential, however, suggests that, if ENaC is expressed at all in this vessel, the density of the expressed channel is insufficient to provide a role in the control of membrane potential.
Benzamil treatment not only failed to inhibit the myogenic response but significantly potentiated the vasoconstriction (Fig.  1) . Although a potent inhibitor of ENaC, benzamil is known to affect other Na ϩ transporters, including NCX (20) . A number of previous studies have demonstrated an importance of NCX in regulating the renal microvasculature (1, 10, 30, 33, 34) . signaling, that NCX activity is particularly prominent in the afferent arteriole. Studies in the isolated perfused rat kidney model by Schweda et al. (33, 34) also indicate an important role of NCX in regulating renal vascular resistance. In support of these previous observations, we found that Na ϩ restoration elicited afferent arteriolar vasodilation in pressurized vessels preequilibrated in low [Na ϩ ] o and that this vasodilation was attenuated by 10 mol/l benzamil. A partial inhibition of NCX by 1.0 mol/l benzamil could thus contribute to its potentiating effects on the myogenic response. Amiloride, which is ϳ10-fold less potent against NCX (2, 20) , showed no such effect. Although this interpretation is consistent with the current view in regard to the potential importance of NCX in the afferent arteriole, some aspects of our observed effects of benzamil and altered Na ϩ suggest that more complex mechanisms are involved.
We found that benzamil caused afferent arteriolar membrane depolarization, an effect that cannot be explained by its actions on either ENaC or NCX and may have contributed to the potentiation of vasoconstriction. Similarly, reducing [Na ϩ ] o also resulted in a depolarization that was reversed upon [Na ϩ ] o restoration. These membrane potential effects of benzamil and [Na ϩ ] o confound the interpretations of these studies examining the potential role of NCX. Finally, we found that ouabain inhibited a rapid component of the Na ϩ -induced vasodilation, suggesting that alterations in [Na ϩ ] o may impact on the activity of the electrogenic Na ϩ -K ϩ -ATPase and influence afferent arteriolar contractility via effects on membrane potential that are independent of NCX.
Our observations that reducing [Na ϩ ] o and the administration of benzamil both elicited membrane depolarization in isolated afferent arterioles are novel, and these findings are consistent with the diltiazem-sensitive afferent arteriolar vasoconstriction we observed in the hydronephrotic kidney preparation. These findings are also consistent with the previous reports of Schweda and coworkers (33, 34) . These investigators reported that low [Na ϩ ] o , benzamil, and KB-R7943 elicited vasoconstriction in the isolated perfused rat kidney and that these responses were reversed by amlodipine (33, 34) . Although NCX is electrogenic, this transporter generates an inward, depolarizing current when operating in the forward mode (3 Na ϩ exchanged for each Ca 2ϩ extruded). Thus a reduction in NCX current would tend to hyperpolarize, not depolarize. Similarly, a reduction in the inward current carried by ENaC would result in hyperpolarization, and amiloride had no effect on membrane potential. Accordingly, the observed membrane depolarization cannot be due to effects on either NCX or ENaC. As shown in Fig. 5, C and D 
